A high incidence of blast exposure is a 21st century reality in counter-insurgency warfare. However, thresholds for closed-head blast-induced traumatic brain injury (bTBI) remain unknown. Moreover, without objective information about relative blast exposure, warfighters with bTBI may not receive appropriate medical care and may remain in harm's way. Accordingly, we have engineered a blast injury dosimeter (BID) using a photonic crystalline material that changes color following blast exposure. The photonic crystals are fabricated using SU-8 via multi-beam interference laser lithography. The final BID is similar in appearance to an array of small colored stickers that may be affixed to uniforms or helmets in multiple locations. Although durable under normal conditions, the photonic crystalline micro-and nano-structure are precisely altered by blast to create a color change. These BIDs were evaluated using a rat model of bTBI, for which blast shockwave exposure was generated via a compressed air-driven shock tube. With prototype BID arrays affixed to the animals, we found that BID color changes corresponded with subtle brain pathologies, including neuronal degeneration and reactive astrocytosis. These subtle changes were most notable in the dentate gyrus of the hippocampus, cerebral cortex, and cerebellum. These data demonstrate the feasibility of using a materials-based, power-free colorimetric BID as the first self-contained blast sensor calibrated to correspond with brain pathology.
Introduction
A lthough blast-induced traumatic brain injury (bTBI) is considered the signature injury of the current wars in Iraq and Afghanistan, little is known about the minimum thresholds of blast exposure required to induce brain pathology. As such, acute mild bTBI may be missed in many warfighters, placing them at risk of repeat exposures and potential exacerbation of their injury if they return to battle. The high incidence of bTBI observed in current conflicts appears to be a 21st-century phenomenon, due in part to the counter-insurgency nature and increased use of improvised explosive devices (IEDs) in current wars (Hoge et al., 2008; Okie, 2005; Phillips and Richmond, 1991; Warden, 2006) . In addition, while improvements in body armor protect many warfighters from otherwise lethal blast injuries to air-filled organs, this likely increases the number of soldiers surviving with bTBI. Also, there is substantial debate regarding the prevalence of bTBI, with the highest estimates at 15-20% of the warfighters (over 300,000 soldiers) having served in Iraq or Afghanistan (Hoge et al., 2009; Tanielian and Jaycox, 2008; Wojcik et al., 2010) . However, there may be an alarmingly low detection rate for closed-head mild bTBI, with many diagnoses not made until months after injury (Hoge et al., 2009; Van Boven et al., 2009) . Accordingly, there is great interest in deploying technologies to record an individual's blast exposure in combat situations. For instance, helmet-mounted pressure transducers are being developed to record blast exposure, and are currently being tested in limited deployment. However, to date such systems have been cumbersome, require a power supply, and may not be useful in extreme combat conditions. As such, we have developed a wearable and durable materialsbased dosimeter for the detection of blast exposure based on a simple color change (Fig. 1A) . This blast injury dosimeter (BID) consists of 3D microstructures comprised of layered photonic crystals (6 lm total thickness) created from SU-8, a commercially available photoresist polymer, using multibeam interference lithography (MBIL; Campbell et al., 2000; Miklyaev et al., 2003; Moon and Yang, 2005; Yang et al., 2002; Xu et al., 2008) . In photonic crystals, the color is a consequence of the nano-structure rather than being an inherent property of the chemical composition. In these cases, color has a physical origin due to the diffraction or interference of light, resulting in so-called ''structural color.'' This basic technology mimics the photonic crystalline structure responsible for the brilliant colors commonly seen in the wings of some birds (e.g., peacock) and butterflies (e.g., Morpho; Ghiradella et al., 1972; Kinoshita and Yoshioka, 2005; Li et al., 2005; Noh et al., 2010; Vukusic and Sambles, 2003; Zi et al., 2003) . Blast shockwave exposure of sufficient intensity disrupts the 3D ultrastructure in a precise fashion; when the structure is disrupted, the color is changed or lost (Fig. 1B) . Moreover, the degree of nano-and micro-scale structural damage, and hence color change/loss, may be tuned based on shockwave characteristics supra-threshold for bTBI. Similar in concept to a radiation badge, these BID arrays may be fabricated to denote bTBI risk based on a single exposure or to measure cumulative exposure.
In proof-of-concept studies, we demonstrated color change and loss in these photonic crystalline nanostructures due to blast exposure (Cullen et al., 2011) . However, the blast levels tested would likely cause severe, extensive injuries or death in humans, with peak overpressures ranging from approximately 410-1090 kPa, and thus would not require dosimetry. Therefore, our objective was to demonstrate the efficacy of this sensor technology, based on readily observed color change and/or color loss, at survivable blast levels inducing brain pathology. We utilized a model of bTBI in the rat in which blast shock-wave exposure was generated via a compressed air-driven shocktube (Fig. 2) . BID arrays were affixed to rats prior to blast shockwave in order to examine the capability of the photonic crystalline BID to undergo color changes in concert with overt or subtle neuropathology ( Fig.  2D and E). We found that BID color change corresponded with neuronal degeneration and reactive astrocytosis. The most vulnerable regions of the brain were the dentate gyrus of the hippocampus, aspects of the cerebral cortex, and the cerebellum. Importantly, this work establishes an experimental framework by which this technology can be used to measure and determine minimum blast exposure levels for single or cumulative injuries in rats or higher-order species.
Methods

Photonic crystal fabrication
Diamond-like photonic crystals consisting of periodic arrangement of polymer and air voids were fabricated from the negative photoresist SU-8 by MBIL (Xu et al., 2008) . Briefly, SU-8 film was exposed to four umbrella-like visible laser beams split from one coherent laser source (k = 532 nm, power diode-pumped Nd:YVO 4 laser). The central beam was circularly polarized and incident perpendicularly to the photoresist film. The other three beams were polarized linearly in a plane formed by the wave vectors of the central beam and surrounding beam. The wave vector of each beam
, and k 3 = v/ a[115], respectively. The polarization vectors of beam 1, 2, and 3 were e 1 = [ -0.2720.6800.680], e 2 = [0. 680-0.272 0.680] , and e 3 = [0.6800.680 -0.272], respectively. The intensity ratio was 1.8:1:1:1. The circular polarization of the central beam distributes the intensity equally to the surrounding beams.
The photoresist was prepared by mixing Epon SU-8 pellets and 2.0 wt % Irgacure 261 (Ciba Specialty Chemicals, Basel, Switzerland) as visible photoinitiators in c-butyrolactone (Sigma-Aldrich, St. Louis, MO) to form 58-wt% solution.
FIG. 1. Blast injury dosimeter (BID) concept and function.
(A) BID arrays may be affixed to warfighter uniforms in multiple locations. These arrays consist of multiple engineered photonic crystalline microstructures, the colorimetric properties of which are a result of the nano-scale structure, creating so-called ''structural color.'' (B) We have previously demonstrated that blast exposure precisely disrupts the structure at the nano-and micro-scales, creating color change and loss, respectively (color change/loss scale bar = 1 mm; SEM scale bar = 500 nm). These properties make our photonic crystalline arrays ideal to serve as a colorimetric blast injury dosimeter. Schematic adapted from Cullen and associates (2011; SEM, scanning electron microscope).
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Substrates were rigid silicon or flexible aclar membranes (SPI Supplies, West Chester, PA). To ensure good adhesion with the SU-8 film, the substrate was cleaned by ultrasonication in isopropanol and acetone, followed by oxygen plasma. The photoresist solution was spin-coated on the substrate at 2000 rpm for 30 sec, followed by a pre-exposure bake at 65°C for 3 min and 95°C for 40 min, resulting in a film thickness of *6 lm. The film was exposed to the superimposed interference beams (laser output of 1 W) for 1-2 sec. After a post-exposure bake at 65°C for 2-4 min and 95°C for 2-4 min, the exposed film was developed in propylene glycol monomethyl ether acetate (Sigma-Aldrich) to remove unexposed or weakly exposed films, resulting in 3D microporous structures. To prevent the pattern collapse of the 3D porous film during air-drying, the film was dried using a supercritical CO 2 dryer (SAMDRI Ò -PVT-3D; tousimis, Rockville, MD) after development.
Each BID consisted of a photonic crystalline microstructure, appearing like a simple colored dot a few millimeters in diameter, with a total thickness of 6 lm (typically 6 crystalline layers, each 1 lm thick). The BIDs are chemically and thermally (up to 300°C) stable, rendering them extremely durable under motion, moisture, and temperature conditions associated with extremely hot or cold combat environments. Multiple BIDs were combined onto a thin flexible sheet ( < 1 cm 2 ) to create a BID array, resembling a matrix of small colored stickers.
Shocktube testing
We evaluated the structural/colorimetric alterations of BID arrays following exposure to surrogate blast conditions. Here we utilized an established model of bTBI using a compressed air-driven shocktube with rats. This device has been used extensively to study various aspects of blast overpressure and blast-induced injury (Chavko et al., 2006 (Chavko et al., ,2007 (Chavko et al., ,2008 (Chavko et al., ,2009 Gorbunov, 2003,2007; Elsayed et al., 1997; Gorbunov et al., 1997 , Long et al., 2009 ). The shocktube is cylindrical, 1 foot in diameter with a 2.5-foot compression chamber and a 17-foot expansion chamber separated by a Mylar sheet of specified thickness ( Fig. 2A and B) . To generate blast shockwave, the compression chamber was pressurized, resulting in Mylar rupture at a critical pressure level that caused a pressure wave to propagate along the expansion chamber. The Mylar thickness, and hence rupture pressure, determined the blast pressure wave characteristics and magnitude (Fig. 2C) .
Imaging of photonic crystalline microstructures
Light images were taken for each BID before and after surrogate blast or control (sham) conditions. Images were acquired by a digital camera mounted on a stereoscope at 10 · magnification. Scanning electron microscopy (SEM) ultrastructural analysis was performed using a Strata DB235 Focused Ion Beam system (FEI) at an e-beam voltage of 5 kV. The samples were sputter-coated with gold ( < 10 nm) prior to SEM analysis.
Rat model of bTBI and histopathology
All procedures involving animals were approved by the WRAIR/NMRC Institutional Animal Care and Use Committee, and followed the National Institutes of Health (NIH) ''Guide for the Care and Use of Laboratory Animals'' (NIH publications no. 80-23; revised 1996) . Sprague-Dawley rats (250-300 g) were anesthetized using isoflurane, placed in a basket within the shocktube (approximately 2 feet into the expansion chamber), and exposed laterally (right side) to a blast wave at a peak overpressure of approximately 120 or 140 kPa, causing sustained overpressure lasting 3-4 msec (n = 18 rats), or sham (non-exposed) conditions (n = 4 rats). BID arrays were affixed to a subset of the rats prior to blast shockwave exposure ( Fig. 2D and E) . Neuropathology was assessed in the same animals equipped with BID arrays, as well as other animals exposed to identical blast conditions but not wearing BID arrays.
The animals were euthanized at 3, 24, and 48 h post-injury (n = 3 per blast level per time point) by transcardial perfusion with heparinized saline and 4% paraformaldehyde. The brains were harvested and photographed for gross pathology. Brains were blocked (2-mm sections), embedded in paraffin, sectioned (7 lm), and stained with hematoxylin and eosin (H&E) and cresyl violet (CV) to evaluate neuronal degeneration and cell loss, respectively. Gallyas silver staining with neutral red counter-stain was performed to assess neuronal somatic and axonal changes. The density of degenerating neurons was semi-quantitatively assessed in coronal sections (at 1-mm intervals rostral to caudal). Briefly, one section from each of 6 regions within the brain ( + 1 mm to the bregma, the bregma to -1, -2.5 to -3.5, -4.5 to -5.5, -6 to -7, and -7.5 to -8.5) was evaluated by quantifying density profiles: lowdensity profiles consisted of less than approximately 25 shrunken, darkly-stained, triangular-shaped neurons per 1.2 mm 2 field (10 · objective); moderate-density profiles had between 26 and 100 neurons; and high-density profiles had greater than 100 neurons.
Immunohistochemistry for astrogliosis was performed using a rabbit anti-glial fibrillary acidic protein (GFAP) antibody (AB5408, 1:750; Millipore Corp., Billerica, MA). Immunohistochemistry for axonal pathology was carried out on separate sections using a monoclonal antibody against neurofilament 200 (NF200, clone N52, 1:200; Sigma-Aldrich), and a monoclonal antibody against amyloid precursor protein (APP, clone 22c11, 1:60,000; Millipore). For GFAP staining, the sections were deparaffined and rehydrated, and endogenous peroxidase activity was blocked using 5% hydrogen peroxide in methanol. The slides were rinsed with distilled water, microwaved in PBS for antigen retrieval, blocked in 2% normal horse serum, and incubated in primary antibody overnight at 4°C. The slides were then rinsed, washed several times in PBS, and incubated in donkey anti-rabbit HRP-conjugated secondary antibody for 1 h (1:500; Jackson ImmunoResearch Labs, West Grove, PA). After washing in distilled water, tissue was counterstained with Harris hematoxylin, dehydrated, and cover-slipped. Sections for NF200 staining were processed identically, except primary antibody incubation occurred at room temperature, and the following day the slides were washed in PBS, and donkey anti-mouse horseradish peroxidase ( Jackson ImmunoResearch Labs) was applied. For both GFAP and NF200, the sections were rinsed, washed in PBS, and incubated in 3,3¢-diaminobenzidine (DAB; Vector Labs, Burlingame, CA) for visualization. For APP staining, slides were deparaffinized, rehydrated, and endogenous peroxidase activity was blocked as described above. Epitope retrieval was achieved using a pressure cooker. The slides were then blocked using the Vector Elite Universal ABC kit and the primary applied and left to incubate overnight at 4°C. The following day, the slides were washed and the secondary was applied according the Vector Elite kit instructions. Visualization was achieved using DAB.
Microscopic analyses and photomicrograph acquisition utilized either a Nikon Eclipse 600 microscope equipped with a DS-Ri1 camera (Nikon Instruments, Inc., Melville, NY), or a SPOT RT3 slider camera (Diagnostic Instruments, Inc., Sterling Heights, MI).
Results
Gross brain pathological changes
Anesthetized rats were exposed to sham conditions or lateral blast shockwave (right side) at peak overpressures of 120 or 140 kPa. There was no mortality associated with the blast exposure, and the animals were euthanized at 3, 24, and 48 hr post-injury. Subdural hematomas were found in a subset of the animals subjected to blast shockwave, and when observed were located over the cerebral cortex or cerebellum tentori with no obvious differences in hemisphere location. The size of the ventricles did not appear to change following injury. There were no obvious signs of edema. Residual blood from the subdural bleeds was present but not grossly visible within the parenchyma of the brain. Overall, these gross pathological changes were found equally between animals subjected to 120 and 140 kPa peak overpressure blast.
Histopathological findings
There were overt histopathological changes in animals exposed to blast shockwave compared to sham animals (described in detail below); however, there were no differences between animals subjected to 120 versus 140 kPa blast, so these groups were combined for our analysis of blast-induced neuropathology. Routine microscopic examination confirmed the presence of blood within the ventricles in approximately 30% of the injured animals, with micro-clots or microhemorrhages observed in fewer than 20% of injured animals. Histopathological analysis demonstrated neuronal degeneration in the injured group, with affected neurons appearing shrunken, irregularly shaped, and darkly stained. Surprisingly, these pyknotic neurons were observed as early as 3 h post-injury, and persisted up to 48 h post-injury (Fig. 3) . The extent of pyknotic profiles varied based on density and location between individual animals and across time points. Specifically, in sham animals there were an average of 8 lowdensity profiles (defined as < 25 pyknotic neurons per profile) per brain. However, at 3 h post-blast, the average number of profiles per brain was 10.5 low-density, 12.2 moderatedensity (26-100 pyknotic neurons), and 7.0 high-density ( > 100 pyknotic neurons; Table 1 ). At 24 and 48 h, the number of moderate-and high-density profiles remained virtually unchanged; however, there were over 40% more low-density profiles at 48 h compared to 3 h, and over 50% more at 48 h compared to 24 h, indicating ongoing degeneration. Notably, there were obviously more pyknotic neurons (moderate-and high-density profiles) on the right side of the brain (towards the blast) than the left. Pyknotic neurons were observed primarily in the cerebral cortex, and to a lesser extent in the hippocampus, primarily in the medial portion of the dentate gyrus of the dorsal hippocampus and the dentate gyrus/CA3 2310 CULLEN ET AL.
region of the ventral hippocampus (Fig. 4) . However, no overt tissue loss or shrinkage of the hippocampi was observed after blast exposure within the time points examined. Degenerating neurons were not observed in the cerebellum at these time points. Cresyl violet staining confirmed the presence of affected cells in the same regions observed with H&E staining. Blast shockwave exposure also induced reactive astrogliosis, demonstrated both morphologically and by immunoreactivity to GFAP. Specifically, astrocytes appeared hypertrophied with more intense GFAP staining after blast exposure. While astrocyte reactivity was observed throughout the brains following blast shockwave, it appeared most pronounced in the cerebellum throughout the molecular layers (Fig. 5) . In the cerebrum, astrocyte reactivity was significantly increased (versus sham animals), most notably in proximity to the cingulum, the interface of the cortex and the corpus callosum, and along the interface of the cortex and external capsule. Similarly, hypertrophied astrocytes were observed in the dentate gyrus of the hippocampal formation.
Axonal pathology was assessed using antibodies to NF200 and APP, abundant intra-axonal proteins that accumulate due to trauma-induced transport interruptions, a hallmark pathology of diffuse axonal injury (DAI; Chen et al., 1999 . We analyzed throughout the brain, but specific focus was given to the corpus callosum and the internal and external capsules, where we expected the most prominent axonal pathology to be located. This analysis revealed no overt evidence of diffuse axonal bulbs or axonal swellings. Additionally, we used Gallyas silver staining to assess neuronal degeneration and to further probe for potential axonal pathology. This analysis focused on the cerebral cortex, the corpus callosum, the internal and external capsules, and the hippocampal formation, including perforant path axons. Following blast shockwave, neuronal degeneration was observed in the cortex and hippocampus, confirming results attained by H&E staining. Many layer IV neurons in the cortex appeared dark and irregularly shaped, suggesting early degeneration; however, the quantity and distribution of these degenerating neurons did not change over the time points evaluated (Fig. 6) . Again, prominent axonal pathology was not observed, as axons in the corpus callosum and perforant path appeared unremarkable.
Corresponding BID colorimetric change and neuropathology following blast shockwave exposure BID arrays were affixed to rats prior to blast shockwave exposure. In all cases, the arrays remained on the rats during blast exposure and the photonic crystal dots remained adhered to the substrate, which was not overtly damaged. Corresponding with pathological changes, a subset of the BIDs affixed to the animals exposed to blast shockwave demonstrated overt color changes ( Fig. 7A and B) . In particular, over 80% of the BIDs tested in this study changed color following blast overpressure of 140 kPa, but less than 60% of the BIDs changed color following 120 kPa exposure. In addition, by design, other BIDs did not exhibit a color change at either blast level due to higher ultrastructural failure thresholds (Fig. 7C) . These findings establish the use of arrays consisting of BIDs with various thresholds to establish an accurate range of blast shockwave exposure levels. These observations also underscore that the photonic crystals are specifically and precisely altered by blast shockwave.
Discussion
There has been a critical unmet need to measure an individual's blast exposure to identify potential bTBI. Without this information, clinical management of exposed individuals may be insufficient. Using a rat model of bTBI, we have demonstrated the capability of the photonic crystalline BID to undergo color changes following sub-lethal blast exposure at levels inducing subtle brain pathology. We surveyed a range of neuropathologies, and found prominent neuronal degeneration in aspects of the cerebral cortex and hippocampus, and substantial reactive astrocytosis in the dentate gyrus and the cerebellum. This is first materials-based self-contained FIG. 3. Blast-induced neuronal degeneration. Hematoxylin and eosin (H&E) staining demonstrated pyknotic neurons following lateral (right) blast exposure. Pyknotic neurons, appearing dark and irregularly shaped, indicate degeneration. In the cerebral cortex (A and B) and hippocampal formation (C and F), a wide range of degenerative profiles (based on density and location) was observed at 3, 24, and 48 h post-blast compared to sham animals. In particular, multiple degenerative profiles were observed in (B) the cerebral cortex, (D) the CA1 region (dorsal), and (F) the medial portion of the dentate gyrus (DG, ventral; scale bar = 100 lm; bTBI, blast-induced traumatic brain injury). blast dosimeter capable of measuring relative blast exposure where calibration has occurred based on subtle neuropathology in animals. In consideration of its use in combat conditions, this colorimetric sensor is small, lightweight, durable, and requires no power. To signal injurious levels of blast exposure, the BID was specifically designed to undergo overt color changes that can be interpreted by the naked eye. While these data demonstrate the feasibility of this BID approach to detect potential bTBI in warfighters exposed to blast shockwave, extensive refinements remain to be performed to more precisely calibrate the color changes of the BID to denote the extent and potentially type of brain pathology occurring in humans. Importantly, this work establishes a systematic framework to blast injury dosimetry that we may apply in the future to calibrate BID array color changes with minimum single and cumulative blast exposure levels based on subtle neuropathology. In particular, this initial side-by-side neuropathological and materials characterization allows us to move forward to achieve a spectrum of color changes for a range of sub-lethal blast exposures associated with mild bTBI. We previously established our strategy for blast injury detection based on optical changes in photonic crystals due to blast exposure (Cullen et al., 2011) . The key feature of our BID is the exploitation of blast energy to induce physical/structural alterations at the nano-scale, manifested as overt color changes. Precise control of BID ultrastructure, including nano-scale physical and structural properties, determined the color properties as well as the responses to blast exposure. In   FIG. 4 . Schematic diagram depicting the general regional distribution of degenerative profiles following lateral blast exposure. This schematic is a compilation independent of survival time and the density of the profiles. While not shown directly in this figure, there were more moderate-and high-density profiles observed on the right side of the brain than the left. Neuronal degeneration was primarily observed throughout the cortex, in the dorsal hippocampus in the medial portion of the dentate gyrus, and in the ventral hippocampus in the dentate gyrus/CA3 region. Note the lack of degenerating neurons in the cerebellum.
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our previous work, we demonstrated BID color change and/ or loss at non-survivable blast levels with peak overpressures of 410-1090 kPa. In the current work, we advanced our novel technology using a model of blast shockwave exposure with rats to demonstrate color change at survivable blast levels inducing brain pathology. These pathologies ranged from overt hematoma to more subtle, histopathologically-assessed neuronal degeneration, astrocyte reactivity, and microbleeds. By both manipulating the composition of the material and modifying the lithography technique, we may essentially tune the nano-scale physical and structural properties of the BID to fail according to differing brain pathology thresholds. Minimum blast exposure levels capable of inducing brain pathology have yet to be established. Blast injury thresholds developed in the 20th century were primarily based on exposure levels inducing lung damage (e.g., peak incident pressure, time duration, and subject proximity to reflective surface); however, soldiers are now surviving more powerful explosions due to advances in body armor and rapid medical intervention (Martin et al., 2008) . Recently, blast overpressure levels inducing brain injury have varied over several orders of magnitude, and are dependent upon the method of measuring pressure (e.g., face-on versus side-on, and sampling rate), reported parameters (e.g., reflected pressure, peak overpressure, or mean sustained overpressure), degree of exposure (e.g., whole body, head, or brain directly), and the sensitivity of particular outcomes (Cernak et al., 2001; Garman et al., 2011; Kato et al., 2007; Koliatsos et al., 2011; Moochhala et al., 2004; Saljo et al., 2008) . This supports our bTBI dosimetry strategy, for which our colorimetric BID is developed in parallel with the establishment of minimum blast exposure levels to induce subtle neuropathology.
In contrast to non-blast (civilian) TBI, there has yet to be significant neuropathological characterization of bTBI in humans at any severity level. Nonetheless, it is thought that subtle pathologic changes play an important role in outcome, especially for mild bTBI. In particular, the damage in nonimpact closed-head bTBI in humans is diffuse with no associated focal lesions and no pattern of anatomical deficits as evidenced with conventional brain imaging, as is the case with FIG. 5. Blast-induced astrogliosis. Glial fibrillary acidic protein (GFAP) staining revealed an increased astrocytic response in the cerebellum as early as 3 h post-blast. Astrocytes in the sham cerebellum (A, C, and E) were smaller with less intense GFAP reactivity than those in the injured cerebellum (B, D, and F; scale bars in A and B = 1000 lm; in C and D = 100 lM; in E and F = 20 lm; bTBI, blast-induced traumatic brain injury).
non-blast diffuse brain injury (Meagher et al., 2008; Mittl et al., 1994; Okie, 2005) . Indeed, mild bTBI is suspected in individuals exposed to blast who exhibit persisting cognitive deficits commonly in the absence of radiological evidence of brain pathology (Elder and Cristian, 2009; Martin et al., 2008; Taber et al., 2006) . As such, mild bTBI is often a diagnosis of exclusion, generally established only when in the chronic stage through extensive neurocognitive testing. However, due to this symptomatology and diffuse nature of the damage, a prominent feature of mild bTBI is believed to be DAI, although direct experimental evidence is underwhelming to date.
In animal models of bTBI, the described neuropathology has been similar to non-blast TBI, including neuronal degeneration, gliosis, demyelination, microvascular disruption, and/or transient blood-brain barrier compromise (Cernak et al., 2001; Dewitt and Prough, 2008; Kato et al., 2007; Leung et al., 2008; Long et al., 2009; Readnower et al., 2010; Saljo et al., 2000 Saljo et al., ,2002 . Our finding of pyknotic, degenerating neurons observed in the cerebral cortex and hippocampus is substantiated by previous reports of neuronal stress, apoptosis, and atypical accumulations of phosphorylated heavy neurofilaments (Saljo et al., 2000 (Saljo et al., ,2002 . Notably, we did not observe significant axonal pathology at the time points observed, which, although substantiated by another study (Risling et al., 2011) , is incongruent with the widely expressed belief that DAI is the prominent pathology of bTBI. However, work using the same shocktube (with the animals placed outside, affecting the blast parameters) reported widespread 
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fiber degeneration at 2 weeks post-blast (Long et al., 2009) . Also using the same shocktube at a higher peak overpressure (241 kPa), with the blast wave focused on the head (inducing 25% mortality), significant multifocal axonal degeneration was observed that was also most prominent at 2 weeks postblast (Garman et al., 2011) . Similarly, axonal degeneration was observed following a range of exposure levels (69-183 kPa) that was prominent at 1-2 weeks post-injury, but was ameliorated by torso shielding (Koliatsos et al., 2011) .
Combined with our findings, it is possible that axonal degeneration progresses at a slower rate than that observed in non-blast diffuse brain injury, making observations at any single early time-point unimpressive, and suggesting that axonal degeneration is secondary to other primary pathological responses. Alternatively, bTBI may be marked by persistent axonal dysfunction rather than degeneration/ disconnection. Regardless, minimum thresholds for perikaryal degeneration appear to be lower than for axonal degeneration. In addition, we found substantial reactive astrocytosis, most prominently in the cerebellum, but also in the hippocampus, as early as 3 h post-blast. Widespread reactive astrocytosis and inflammation, including microglial activation and neutrophil infiltration, have been observed within hours of blast and persist for days to weeks post-blast (Kaur et al., 1995 (Kaur et al., ,1997 Readnower et al., 2010; Saljo et al., 2001) . Overall, our findings of stressed/degenerating neurons and reactive astrocytes suggest that these may be sensitive neuropathological markers to establish blast exposure thresholds in parallel with dosimetry calibration. Due to the complex nature, bTBI is categorized by the mechanism of injury rather than specific pathologies, as follows: Primary bTBI: direct exposure with extremely rapid shifts in air pressure; Secondary bTBI: impacts with shrapnel/ munition propelled by explosion (focal, often penetrating injuries); and Tertiary bTBI: acceleration of individual propelled by blast with deceleration due to collision (focal and/or inertial injuries). To focus on the direct blast shockwave effects on the brain, we limited our examination to only primary bTBI, which is thought to be the key mechanism of injury in the majority of mild bTBI cases, and is not confounded by impact or acceleration. Alternate strategies for blast dosimetry include accelerometers and pressure transducers, which are typically heavy and require a power supply. Although these devices may yield a rich, quantitative data set for individual exposure, they will inherently be more expensive and may not be durable in all combat situations, limiting practicality for ubiquitous in-field use. In comparison, there are advantages to our materials-based approach. For instance, our BID requires no external power supply, rendering it low-cost, lightweight, and indefinitely active. Also, the unobtrusive size permits it to be affixed to multiple locations on uniforms and helmets. As such, this technology may provide a lightweight and inexpensive means to assess the effectiveness of blast mitigation strategies by placing BIDs inside and outside of helmets or body armor. Our BID arrays also provide a simple colorimetric read-out. Importantly, our materials-based design can allow for detection of single supra-threshold or cumulative (repeated) blast exposure, thus directing the medical management of the individuals exposed.
Due to the complexity of blast exposure as well as putative ranges in individual tolerances, it is unlikely that a physical dosimeter can accurately detect mild bTBI in all cases. However, this technology can indicate warfighters likely exposed to supra-threshold blast so that they may be removed from harm's way to receive a more thorough evaluation, including an extended neuropsychological examination, and ideally, advanced neuroimaging (Levin et al., 2010; Matthews et al., 2010; Van Boven et al., 2009,) and biomarker analyses (Agoston et al., 2009; Svetlov et al., 2009) . Moreover, for suspected bTBI, the diagnosis is complicated due to the common comorbidity of post-traumatic stress disorder (PTSD), which can also manifest with cognitive dysfunction. This underscores the additional interest in developing a blast dosimeter to help distinguish bTBI from PTSD (when not overlapping).
Overall, the BID offers a novel approach for the detection of bTBI. Consideration for future refinements of the BID include enhanced calibration with subtle pathology in a rat model, and initiating more clinically relevant studies using live-fire testing in a large animal model. In particular, the complex neuroanatomy of humans and other larger mammals, denoted by gyrencephalic brains with substantial white matter domains, may be a key feature in the development of blastinduced neuropathology, making rodent models unsuitable for mimicking all aspects of clinical bTBI. Furthermore, the consistency of BID responses following exposure at various orientations to the blast source (orthogonal versus parallel or oblique) will need to be established.
Exposure to blast is evident in extreme cases; however, mild bTBI may occur following lower-magnitude blast exposure not associated with acceleration, impact, or penetrating injuries. In particular, mild bTBI may occur in the absence of overt physical signs following one supra-threshold event or numerous seemingly sub-threshold events. Through early detection of warfighters at risk for sustaining mild bTBI, this technology may improve long-term bTBI outcomes. Future iterations will be tuned to change color following blast exposure at levels inducing subtle brain pathology undetectable by conventional imaging modalities in humans. Such mild TBI can be difficult to diagnose, but has been associated with long-term cognitive and psychological changes, decreased injury thresholds, and increased chances of developing neurodegenerative disorders. In addition, this approach provides a platform to collect blast exposure data in the field, thus improving our understanding of the mechanisms of injury, while establishing and refining minimum exposure thresholds inducing closed-head mild bTBI in humans. This technology also provides a simple yet sensitive measure to assess the performance of blast-mitigation strategies, such as designs for helmets, body armor, and vehicles, by measuring the local blast characteristics relative to exposure thresholds.
